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We use a simulation code to study the interaction of swift boron clusters Bn
+
, n=2–6, 14 with amorphous
carbon foils. We analyze different aspects of this interaction, such as the evolution of the cluster structure
inside the target, the energy and angle distributions at the detector or the stopping power ratio. Our simulation
code follows in detail the motion of the cluster fragments through the target and in the vacuum until reaching
a detector, taking into account the following interactions: i wake force, ii Coulomb repulsion among cluster
fragments, iii stopping force, and iv elastic scattering with the target nuclei. Electron capture and loss by
each fragment is also included in the code, affecting the above-mentioned interactions. The clusters size grows
inside the foil due mainly to the Coulomb explosion but this increase is less pronounced in the plane trans-
versal to the beam direction because of the alignment effect of the wake forces. We obtain an enhancement of
the stopping power ratio that increases with the projectile energy and with the number of molecular constitu-
ents. Our results agree very well with the available experimental data for the thicker foils 10 g/cm2 and
are compatible within the experimental error bars for the thinner foils.
DOI: 10.1103/PhysRevA.75.012901 PACS numbers: 34.50.Bw, 36.40.c, 61.48.c
I. INTRODUCTION
Beams of swift charged particles have been widely used
both to analyze materials or to modify their properties 1,2.
Ion beams are commonly applied in different areas such as
microelectronics, target characterization, radiation therapy or
protection against radiation 3–6. In particular the use of
molecular and cluster ion beams has been proposed in the
last years because of their ability to deposit energy in a small
region of the target and hence the interest for inertial con-
finement fusion studies 7–9.
When a swift cluster penetrates a solid, the energy it loses
interacting with the solid can be rather different than the
energy lost by the cluster fragments considered indepen-
dently. This is a consequence of the so-called “vicinage ef-
fect” that is due to the electronic perturbation in the solid
caused by the motion of each cluster fragment, which in turn
affects the motion of the other components of the cluster
10.
The stopping power ratio, defined as the stopping power
of a material for the whole cluster divided by the sum of the
stopping powers for all the cluster components considered
independently, is used to quantify the vicinage effects in the
energy loss. Experimental stopping power ratios up to 1.5
have been reported in the literature 11–18. The state of the
art concerning this subject can be consulted in the recent
review by Arista 10. Aside from the energy loss, other mag-
nitudes, such as the charge state of the fragments, are known
to undergo vicinage effects 19,20.
In this paper we focus on the study of the interaction of
swift boron clusters Bn
+
, n=2–6, 14 with amorphous car-
bon foils, using a simulation code that improves previous
analytical studies that only provided average magnitudes
21,22. The different shapes and sizes of the clusters allow
us to analyze the vicinage effects and the evolution of the
cluster structure in rather different situations.
The paper is organized as follows. In Sec. II the main
ingredients of our simulation code are presented. Section III
is devoted to show the main results and the discussion about
them. The conclusions of our study appear in Sec. IV.
Atomic units are employed throughout this work, except
where otherwise stated.
II. SIMULATION CODE
When a cluster penetrates a solid it loses its binding elec-
trons in the first atomic layers. From that moment, the cluster
can be considered as a group of atoms with a certain initial
spatial distribution moving through the target in a correlated
way.
We need to specify the initial geometrical structure of the
cluster in order to describe the evolution with time of the
fragments resulting from the cluster dissociation. In Fig. 1
we show the initial geometrical structures of the different
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FIG. 1. Structure of the boron clusters before entering the target
23. Different orientations are shown for the B14
+ cluster in order
to clarify its shape.
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boron clusters analyzed in this paper, which were obtained
from ab initio calculations 23. All the clusters have planar
structures, except the B14
+ molecular ion, which has a bowl-
type shape; so to clearly show its structure it is depicted with
different orientations in the figure.
The boron atoms resulting from the cluster dissociation
from now on the fragments capture or lose electrons from
the target, acquiring different charge states during their mo-
tion. They also suffer forces inside the target mainly caused
by their interaction among themselves and with the target
electrons and nuclei. Most of these interactions, except the
scattering with the target nuclei, depend on the charge state
of the fragments.
Our simulation code has been described elsewhere
24–26 and it uses a finite difference algorithm 27 to cal-
culate numerically the trajectories of all the fragments
through the foil and in the vacuum until reaching a detector.
It includes in a realistic way all the interactions just men-
tioned including the charge exchange of the fragments. In
addition, our simulation takes into account that usually the
clusters impinge on the target randomly oriented with respect
to the beam direction, except when otherwise stated.
By keeping track of the coordinates and velocities of the
fragments we are able to obtain several magnitudes inside
the foil, just at the exit of the foil or asymptotically when
reaching a detector, such as energy distributions, exit angle
distributions, charge state distributions or even interatomic
distance distributions.
A. Charge exchange
As previously stated each fragment resulting from the dis-
sociation of the cluster captures or loses electrons in the tar-
get, changing its initial charge state. Once the charge equi-
librium is attained the fragment continues changing its
charge state, but the probability to find the fragment in each
charge state, i.e., the charge fraction at a given projectile
velocity, remains unaltered. In our simulation we decide the
distances between electron capture or loss events as well as
their probability for the capture and loss cross sections 28;
the required equilibrium charge fractions are given by the
CasP code 29,30. These charge fractions are shown in Fig.
2 for boron projectiles in amorphous carbon foils, as a func-
tion of the incident energy. We assume that the charge state
of each atomic ion resulting from the molecular dissociation
is identical to that corresponding to the same atomic but
isolated ion. Using an analytical treatment 20,31, we have
estimated that vicinage effects in the charge state have no
practical consequences in the energy loss of the fragments.
Taking into account the charge fractions given by the
CasP code 29,30 and using our simulation code, we can
obtain the evolution of the mean charge for the boron ions as
a function of the depth inside the target; we show in Fig. 3
the mean charge state for two different projectile incident
energies. As can be clearly seen the mean charge evolves
from the initial charge +1 until the charge equilibrium is
completely reached at target depths larger than 1 g/cm2.
The depth at which the charge equilibrium is reached de-
pends on the initial projectile energy.
B. Interactions with the target electrons
The interaction of the cluster fragments with the target
electrons is the main responsibility for their energy losses, at
least in the energy range we are considering
E075 keV/nucleon. The energy loss of each fragment
depends on its charge state, velocity, and the response of the
target. The electronic energy loss is included in our study
using the dielectric formalism 32,33 with a realistic de-
scription of the target 34–36. The stopping power of the
target for a given fragment i moving with velocity vi through
the target, or the mean energy loss Ei per unit path length
x, is given by
Sp,iv = −
Ei
x
=
2
vi
2
0
 dk
k
Zi − Gik2
0
kvi
d		 Im	 − 1

k,	
 .
1
k and 	 are the momentum and energy transferred to the
target electrons, respectively. The stopping power depends
on the response of the target material through the energy loss
FIG. 2. Charge fractions of boron projectiles inside an amor-
phous carbon foil once the charge equilibrium has been reached, as
a function of the projectile energy. They were obtained using the
CasP code 29,30.
µ
FIG. 3. Mean charge state that the initial B+ ions acquire inside
an amorphous carbon foil, as a function of the target depth. The
projectile incident energy is indicated for each curve.
HEREDIA-AVALOS et al. PHYSICAL REVIEW A 75, 012901 2007
012901-2
function ELF, Im−1/
k ,	, and on the projectile charge
density by means of Zi−Gik, Zi and Gik being the atomic
number and the Fourier transform of the electronic density of
the i fragment, respectively. Gik was included through the
statistical Brandt-Kitagawa model 37.
The ELF of a material contains information about the
electromagnetic excitations that a target can sustain and can
be properly modeled by separating the contribution coming
from the inner electrons of the target K shell in the case of
amorphous carbon and the outer electrons 34–36. The
contribution from the outer electrons is taken into account by
fitting the available experimental optical k=0 data 38 by
means of a sum of Mermin-type energy loss functions,
Im	 − 1

k = 0,	
outer = i Ai Im	 − 1
M	i,i;k = 0,	
 ,
2
where 
M is a Mermin-type dielectric function 39, with 	i,
i, and Ai being fitting parameters that correspond to the
position, width, and relative weight of each Mermin-type
ELF of the energy loss spectrum.
On the other hand, the excitation of the inner-shell elec-
trons of the target atoms are described by means of general-
ized oscillator strengths GOS in the hydrogenic approach,
which are related with the ELF according to 40,41
Im	 − 1

k,	
inner = 2
2N
	

n
dfnk,	
d	
, 3
where N is the atomic density of the target and
dfnk ,	 /d	 is the GOS of the n , subshell. The summa-
tion is extended over all inner subshells of the target atoms.
Of course, the ionization of a given subshell can only take
place if the energy transfer 	 is larger than a threshold
energy.
The resulting ELF must verify the f-sum rule 41, that is,
the effective number of excited electrons per atom when 	
→ tends to the total number of electrons per atom 34,42.
Moreover, we also calculate the mean excitation energy I of
each target 43 as an additional checking of our fitted ELF,
obtaining a good agreement 44,45 with the experimental
data 46.
The statistical fluctuations around the mean energy loss
are also taken into account through the energy loss strag-
gling, defined in the dielectric formalism as
i
2v =
Ei
2 − Ei2
x
=
2
vi
2
0
 dk
k
Zi − Gik2
0
kvi
d		2 Im	 − 1

k,	
 .
4
In this way our code considers that the stopping power can
fluctuate around the mean stopping power, given by Sp,i, with
a Gaussian distribution whose width depends on the energy
loss straggling i
2
.
In order to check the suitability of this model to describe
the mean stopping power of amorphous carbon for B+ ions,
we show in Fig. 4 the corresponding stopping power Sp,i as a
function of the incident energy of the projectile. The com-
parison of our calculations with the available experimental
data 47–52 is reasonably good in the energy range consid-
ered in this work E0=75–400 keV/nucleon, i.e., around
the stopping power maximum. The discontinuous curves rep-
resent the contributions of the different charge fractions to
the stopping power. At low energies nonlinear effects arise
and so the dielectric formalism is no longer suitable. It is
worth to mention that the main contribution to the energy
loss of swift projectiles comes from the outer target
electrons.
The good comparison between the experimental data at
low energies and the results obtained from the dielectric for-
malism a linear response theory, could be understood by
the fact that in such energy range the dominant charge states
correspond to dressed ions, giving rise to a weak perturba-
tion in the solid. All the same, nonlinear contributions Bar-
kas and Bloch terms should be taken into account in a more
detailed treatment of the energy loss of ions 33, but this
goes beyond the purpose of the present work, whose aim is
the analysis of the vicinage effects in the energy loss of
clusters.
C. Interactions with the target nuclei
The interactions of the projectile with the target nuclei
contribute slightly to the energy loss, however it is the main
responsibility of the angular spread for isolated swift atomic
ions. The multiple elastic scattering with the target nuclei is
incorporated in our code via a Monte Carlo algorithm
28,53 that, according to the target atomic density and the
interaction potential between the fragments and the target
atoms, changes the direction of motion of each fragment af-
ter a certain distance. We have used the universal ZBL po-
tential 54 to describe the interaction between boron and
carbon cores. The possible correlation between the scattering
µ
FIG. 4. Stopping power of amorphous carbon for a boron beam
incident as B+, as a function of the incident energy solid line.
The discontinuous lines represent the contribution to the stopping
power for the different charge states the boron projectile can attain
inside the target. Symbols represent the available experimental re-
sults 47–52.
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of different fragments of the cluster has not been included in
our code because its effect has been found to be negligible in
amorphous targets 55.
D. Interactions among the cluster fragments
The fragments resulting from the cluster dissociation in-
teract between them through a screened Coulomb potential,
which can be decomposed in i pure Coulomb repulsion
forces that tend to increase the interatomic distances between
the charged fragments both inside and outside the target, i.e.,
Coulomb explosion, and ii forces due to the electromag-
netic excitations induced in the target electrons, the so-called
wake forces, which are asymmetric and only appear inside
the solid. As a matter of fact, the wake forces are not really a
force exerted by a particle of the cluster on another one. The
wake forces are due to the electronic density induced in the
medium by a swift charge, which affect other charged par-
ticles that are in its neighborhood. In this sense these forces
do not need to obey Newton’s third principle. The wake
force exerted by a fragment i on fragment j is located in a
plane defined by both particles and the velocity of i; the
dielectric formalism predicts that the force component paral-
lel to the direction of motion of the i fragment takes the form
56
Fi→j,z =
2
vi
2
0
 dk
k
Zi − GikZj − Gjk

0
kvi
d		J0ijk2 − 	2/vi2
 sin	zij
vi
Re	 1

k,	
− 1

+ cos	zij
vi
Im	 1

k,	
− 1
 , 5
and the force component perpendicular to the direction of
motion of the i fragment is defined as
Fi→j, =
2
vi

0
 dk
k
Zi − GikZj − Gjk

0
kvi
d	J1ijk2 − 	2/vi2k2 − 	2/vi2
 cos	zij
vi
Re	 1

k,	
− 1

− sin	zij
vi
Im	 1

k,	
− 1
 , 6
where J0 and J1 are the Bessel functions of zero and first
order, respectively, and zij and ij are the relative distance
between both particles in the directions parallel z and
perpendicular , respectively, to the movement of the i
fragment.
We have depicted in Fig. 5 the components of the wake
force generated by a 400 keV/nucleon B3+ ion and acting
over a B4+ ion in the directions defined by the movement of
the B3+ ion, as a function of the relative distance between
both fragments. We have chosen B3+ and B4+ ions because
they are the most probable charge states for this incident
energy. Normally the direction of the movement of any two
fragments is approximately the same. Therefore Fz affects
the energy loss of the j fragment giving rise to the vicinage
effects already mentioned. On the other side, F tends to
reduce the separation ij in the direction perpendicular to the
motion of the leading particle, aligning the j fragment to-
wards the direction of motion of the i fragment. Both com-
ponents of the wake force are much more important if the j
particle is behind the i particle and become negligible if both
particles are far away. These wake forces do not change
when using a Hartree-Fock description of the projectile elec-
tronic density, instead of the Brandt-Kitagawa model.
III. RESULTS AND DISCUSSION
Our simulation code allows us to investigate the distortion
of a swift boron cluster inside an amorphous carbon target,
which is important to determine the resulting energy loss of
the fragments. This distortion is illustrated in Fig. 6, where
we observe how a 400 keV/nucleon B14
+ cluster evolves
with the time it spends inside the foil. The initial orientation
of the B14
+ cluster, defined by the plane of its perimeter, is
a perpendicular to the target surface and b parallel to it;
the numbers between parentheses denote the cluster size in
the direction perpendicular to the velocity. Obviously the
Coulomb repulsion among the fragments tends to separate
them, so they become uncorrelated at large times. However,
FIG. 5. Wake force generated by a 400 keV/nucleon B3+ ion
and acting on a B4+ ion, both moving through an amorphous carbon
target. We have represented the components of the force in the
directions parallel and perpendicular to the movement direction of
the B3+ ion, as a function of the relative distance between both
particles.
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it is interesting to note that the growth of the cluster size is
larger in the direction of motion than in the transversal di-
rection. The explanation of this effect is due to the wake
forces that tend to align the fragments toward the direction of
motion, in opposition to the effect of the Coulomb explosion.
This is more pronounced when the initial orientation of the
cluster is perpendicular to the surface, because in this case it
is more probable to find one fragment behind another. This
effect can be observed more easily in Fig. 7, where we show
the evolution of the mean interatomic distance d for the
B14
+ cluster as a function of the target thickness D; d is
defined as the average of the interatomic distances between
all the fragments that constitute the cluster. In the picture we
have also represented the components of d in the direction
of motion of the cluster, z, and in the transversal direction,
. Clearly  grows much slower than z due to the inhi-
bition of the Coulomb explosion in the transversal direction
because of the wake forces. We have checked that the other
Bn
+ clusters also experience the same effect.
We show in Fig. 8 the energy distributions of the cluster
fragments Bn
+
, n=2–6,14 after traversing a 2 g/cm2
thick carbon foil and reaching a detector with 0.5° angle
resolution. The incident energy of the clusters are a E0
=400 keV/nucleon and b E0=100 keV/nucleon. We have
omitted the curves corresponding to B4
+ and B5
+ for clarity
reasons; such calculations do not report any particular feature
compared with those shown in the figure. No significative
changes in these energy distributions were found when the
initial molecular vibrations of the cluster were included in
the simulation, as long as the mean interatomic distances do
not change.
Through the simulations it is possible to find out the rela-
tive contributions, due to the different interactions previously
described, to the energy distributions. In general terms, the
Coulomb explosion is the main responsible for the width of
the energy distributions. This explosion, which in the cases
shown in figure 8 occur mostly in the vacuum, tends to ac-
celerate the leading fragments and decelerate the trailing
ones. The energy distributions are broader as the number of
fragments n increases because the available initial Coulomb
potential energy is larger. The net effect of the wake force is
to add an extra energy loss to the trailing fragments those
with lower energies in the distribution, widening the distri-
t = 0 fs (10.4 a.u.)
t = 5 fs (16.8 a.u.)
t = 10 fs (27.1 a.u.)
t = 0 fs (10.4 a.u.)
t = 5 fs (18.8 a.u.)
t = 10 fs (32.8 a.u.)
(a) (b)
FIG. 6. Time evolution of a 400 keV/nucleon B14
+ ion when the
cluster incides a perpendicular or b parallel to the surface of an
amorphous carbon target. The arrows represent the direction of mo-
tion and the numbers in parentheses are the size of the cluster in the
transversal direction to the motion, at the indicated time.
µ
〈 〉 〈 〉
〈ρ〉 〈ρ 〉
〈 〉 〈 〉
FIG. 7. Normalized mean interatomic distance d / d0 of a
400 keV/nucleon B14
+ molecular ion as a function of the depth in
an amorphous carbon target. We represent also the components of
d / d0 in the direction of motion z / z0 and in the transversal
direction  / 0. The initial mean interatomic distance and its
components are d0, 0, and z0, respectively.
FIG. 8. Energy distributions of the ions dissociated from a Bn
+
molecular ion n=2, 3, 6, and 14 after traversing a 2 g/cm2 thick
carbon foil and reaching a 0.5° angle detector, for an incident en-
ergy of a E0=400 keV/nucleon and b E0=100 keV/nucleon. All
the distributions are normalized to unity area. The parameters char-
acterizing the system were taken according to the experiments of
Ref. 17.
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butions in that region. The elastic collisions with the target
nuclei are practically irrelevant for the energy distributions.
The sharp shape of the B2
+ fragments’ energy distribution,
in relation to the rest of the clusters, is due to the large value
of the initial interatomic distance of the cluster see Fig. 1,
which gives rise to a weak Coulomb explosion; so the dif-
ference between the energy of the leading and the trailing
fragments is quite small. The case of B3
+ is special because
the fragments are initially very close and so the effect of the
Coulomb explosion and the wake forces are stronger, giving
rise to a clear two peaked distribution. On the contrary, the
B14
+ energy distributions are the broadest ones due to the
high packing level of the initial cluster structure, which is
responsible for a strong Coulomb explosion.
The calculated angular distributions that the cluster frag-
ments have at the detector are depicted in Fig. 9. They cor-
respond to distributions after traversing a 2 g/cm2 thick
carbon foil for an incident energy of a E0
=400 keV/nucleon and b E0=100 keV/nucleon. As in Fig.
8 we have omitted the curves corresponding to B4
+ and B5
+
for clarity reasons. Anyway these curves present a behavior
similar to that of the B6
+ cluster. The Coulomb explosion is
responsible again for most of the width of the angular distri-
butions and so they are broader as the number n of cluster
fragments increases. The wake forces give rise to the peak
appearing at 0° due to the alignment effect on the trailing
fragments. At E0=100 keV/nucleon the increasing effect of
the elastic collisions tends to wash out this alignment giving
rise to nearly Gaussian distributions. This contribution of the
elastic collisions to the angular spread makes the distribu-
tions broader at lower energies.
Finally we investigate the vicinage effects in the energy
loss of boron clusters in amorphous carbon. In order to quan-
tify this effect we use the stopping power ratio R, which in
the case of Bn
+ clusters takes the form
R =
EBn
+
nEB+
, 7
where EBn
+ is the energy loss of the whole boron cluster
and EB+ is that corresponding to an isolated B+ ion, both
moving with identical velocity through the same target thick-
ness. R1 reflects the existence of vicinage effects in the
energy loss. We have calculated R as a function of the target
µ
FIG. 10. Stopping power ratio for Bn
+ molecular ions n=2, 3,
6, and 14 as a function of the thickness of an amorphous carbon
foil, for several incident energies: a E0=400 keV/nucleon, b
E0=225 keV/nucleon, c E0=100 keV/nucleon, and d E0
=74 keV/nucleon. The different type of lines indicates the number
n of atomic ions that constitutes the molecular ion: — n=2, ---
n=3, ¯ n=6, and -·- n=14.
µ
FIG. 11. Stopping power ratio of amorphous carbon for a
74 keV/nucleon Bn
+ molecular ion, as a function of the target
thickness for several cluster sizes: a n=2, b n=3, and c n=4.
The symbols are experimental results 17.
FIG. 9. Exit angle distributions of the ions dissociated from a
Bn
+ molecular ion n=2, 3, 6, and 14 after traversing a 2 g/cm2
thick amorphous carbon foil, for an incident energy of a E0
=400 keV/nucleon and b E0=100 keV/nucleon. All the distribu-
tions are normalized to unity area. The parameters characterizing
the system were taken according to the experiments of Ref. 17.
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thickness and for different clusters and initial energies.
Figure 10 depicts the stopping power ratio R for Bn
+
,
n=2 3, 6, and 14, as a function of the target thickness
for different incident energies E0=400, 225, 100, and
74 keV/nucleon. The curves for B4
+ and B5
+ lie in between
those for B3
+ and B6
+ and were not included in the figure for
clarity. The first conclusion that comes out from this figure is
that at large thicknesses the vicinage effects in the energy
loss disappear. This is because Coulomb repulsion and
nuclear scattering separate the fragments as the target thick-
ness increases, decreasing the vicinage effect as was already
shown in Figs. 6 and 7. Another observation is that the vici-
nage effects in the energy loss grow with the cluster size
because each fragment feels the wake force of more particles
as n increases. Nevertheless this enhancement is not propor-
tional to n and the amount of R gained by adding one more
particle to the cluster tends to reduce as the cluster grows.
For instance, the stopping power ratio R is almost the same
for B4
+
, B5
+
, and B6
+
. This saturation in R with n is ex-
plained by the cancellation of the wake forces in large clus-
ters. It is worth to notice that the decrease of R at small
thicknesses is due to the fact that, until charge equilibrium is
reached, the amount of charge per atom is larger in B+ than
in Bn
+
, i.e. +1 versus +1/n, respectively; and the stopping
power increases with the projectile charge. The general con-
clusion that can be drawn from the analysis of Fig. 10 is that
large clusters, high velocities, and thin foils are needed to
measure large ratios close to 2.
Our calculations are also compared with the available ex-
perimental results for 74 keV/nucleon B2
+
, B3
+
, and B4
+
molecular ions 17 in Fig. 11, showing a reasonable agree-
ment considering the experimental error bars. There are also
another experimental results concerning the energy loss of
B3 neutral molecules in amorphous carbon foils 57, but
they are not included in Fig. 11b because in this paper a
differential stopping power was measured, which is different
from the integral values that are usually measured 11–18
and we have calculated in this work.
IV. SUMMARY
In this paper we have used a simulation code to analyze
the interaction of swift Bn
+ n=2–6,14 clusters with thin
amorphous carbon foils.
We have obtained that the fragments resulting from the
cluster dissociation tend to separate each other inside the foil
increasing the cluster size. But it is found that the size of the
cluster in the direction of motion increases more than the
corresponding size in the transversal direction, because the
wake forces tend to align the fragments towards the direction
of motion.
On the other hand, the widths of the angular and energy
distributions are mainly governed by the Coulomb potential
energy available when the cluster enters the foil, which is
directly related to the cluster geometry and number of con-
stituents. Therefore the width of the distributions grows with
the number of components of the cluster. The wake forces
have two clear effects: i they add an extra energy loss to the
trailing fragments, lowering the mean value of the energy
distributions, and ii they tend to align the trailing fragments
into the direction of motion, producing a clearly visible peak
at 0° in the angular distributions. The elastic scattering,
which is more important at lower energies, widens even
more the angular distributions and washes out the alignment
effect produced by the wake forces.
Finally we have observed that larger stopping power ra-
tios R are found for larger clusters with higher energies. The
amount of R that a cluster gains by increasing its number of
constituents n is not proportional to it. On the contrary there
is a saturation in the increase of R with n due to the cancel-
lation of wake forces in large clusters. The comparison with
the experimental results 17 is rather good, with a reason-
able agreement considering the experimental error bars.
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